We have measured gas phase vibrational spectra of the bimolecular complex formed between methanol (MeOH) and dimethylamine (DMA) up to about 9800 cm
Introduction
Hydrogen bonding is involved in many chemical and biological processes in nature. [1] [2] [3] [4] [5] [6] The investigation of the role of hydrogen bonded molecular complexes in the Earth's atmosphere is of significant interest in atmospheric chemistry, in terms of both radiative transfer and aerosol formation and growth.
fundamental transition frequencies of methanol with ammonia and several amines were measured in the IR region and substantial frequency shifts of the OH-stretching fundamental transitions upon complexation were reported. 25, 26 Tan et al. measured the rotational transitions of the MeOH-TMA complex using Fourier transform microwave spectroscopy and found a nearly linear hydrogen bonded structure with an intermolecular hydrogen bond distance (O-HÁ Á ÁN) of 1.92 Å. 29 Due to the low abundance of the complexes and the weaker intensity of overtone and combination vibrations in the near-IR (NIR) region, the number of NIR spectroscopic studies of hydrogen bonded complexes is limited. The available NIR studies of hydrogen bonded complexes are mostly carried out either at very low temperatures, 36, [42] [43] [44] [45] [46] or in organic solutions, [47] [48] [49] [50] [51] conditions that are less relevant to the atmosphere. Recently, gas phase NIR spectra of the hydrogen bonded complex MeOH-TMA were recorded to about 6500 cm
À1
. 19 Besides the OH-stretching fundamental transition, a combination transition of the MeOH-TMA complex involving one quantum of OH-stretching and one quantum of predominantly in-plane COH bending (ñ OH + d COH ) was observed and the much less intense first OH-stretching overtone transition was tentatively assigned in the NIR region. So far, no higher overtone gas phase transitions have been observed for methanol-amine complexes. In this work, in addition to the fundamental transitions we have detected the second NH-stretching overtone in the MeOH-DMA complex. The importance of hydrogen bonded complexes is well known. 8, 52 However, few atmospheric models incorporate them because little is known about their thermodynamic properties, such as their enthalpy for hydrogen bond formation (DH) and Gibbs free energy of complexation (DG) or equilibrium constants of complexation (K p ). The latter DG or K p is necessary to determine the atmospheric abundance of these complexes. In the gas phase, the K p values for hydrogen bonded complexes are typically small. Perhaps the most studied atmospherically relevant complex, a water dimer, has a K p value of about 0.05 atm À1 , 53, 54 which indicates that it is a weak hydrogen bonded complex. The methanol-amine systems are likely somewhat more strongly bound than the water dimer. Previously, the DH and K p were estimated for MeOH-DMA and MeOH-TMA based on pressure, volume, temperature studies, 27 and MeOH-TMA also by IR spectroscopy. 28 The enthalpy for hydrogen bond formation was found to be À25.9 kJ mol À1 and À28.9 kJ mol À1 for
MeOH-DMA and MeOH-TMA, respectively, and it was suggested that the wavenumber redshift of the transition was correlated with DH. The equilibrium constant at 298 K was determined to be 0.6 atm À1 and 0.85 atm À1 for MeOH-DMA and MeOH-TMA, respectively. 27 In this work, we have measured the temperature dependence of the fundamental OH-stretching transitions and used this to determine the enthalpy of complexation (DH) for MeOH-DMA and MeOH-TMA in the temperature range from 298 K to 358 K. The complexes can be quantified by the integrated area of certain absorption bands in gas phase IR/NIR spectra, provided the intensity of these bands is known. 19, 31, 33, [37] [38] [39] We have used a combination of measured and calculated transition intensities of the fundamental OH-stretching transition and the second NH-stretching overtone to determine the equilibrium constant of complexation for MeOH-DMA. Quantum chemical calculations of the MeOH-DMA and MeOH-TMA complexes and their monomers were performed to help interpreting the spectra. The geometry and interaction energies for the complexes are calculated with the explicitly correlated CCSD(T)-F12a method with the associated VDZ-F12 basis set. 55 Results of this method have previously been found to be in good agreement with results obtained using much larger basis sets using conventional CCSD(T) theory and where possible with experiment.
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The OH-and NH-stretching transition wavenumbers and intensities for the complexes and monomers were calculated with an anharmonic oscillator local mode model.
61-65

Experimental section
MeOH (Aldrich anhydrous, 99.8%) was degassed with freezepump-thaw cycles on a vacuum line before use. DMA (Aldrich, anhydrous, 99+%) and TMA (Aldrich, anhydrous, 99%) were used without any further purification. The IR spectra were recorded at 1.0 cm À1 resolution with a Vertex 70 FTIR spectrometer (Bruker) fitted with a CaF 2 beam splitter. A liquid nitrogen cooled MCT detector and an InGaAs detector were used to measure the fundamental and overtone transitions, respectively. Both MIR and NIR light sources were used. The sample compartment and the optics of the spectrometer were purged with dry nitrogen gas to reduce the content of unwanted atmospheric interferents (H 2 O and CO 2 ) inside the spectrometer. Several gas cells with different optical path lengths were used to measure the spectra. The fundamental transitions were recorded using a 10 cm cell equipped with KBr windows and the overtone transitions were recorded using a 4.8 m path length multi-reflection gas cell (Infrared Analysis, Inc) fitted with KCl windows. A heatable 2.4 m path length multi-reflection gas cell (Infrared Analysis, Inc) fitted KCl windows was used in the temperature dependent measurements. The compounds were led into the respective sample cells on a vacuum line; for more details, see ref. 37 . Known pressures of DMA (or TMA) and MeOH vapors were mixed for at least one hour to ensure equilibrium. The OPUS program was used to perform spectral subtraction and band integration. The bands were fitted to Lorentzian functions to obtain the band center positions and full width at half maximum (fwhm).
In the experiments, the gas adsorption of DMA (or TMA) on the cell wall before measurement was very slow (o2%) and neglected. However, the adsorption of MeOH on walls and its loss during the process of preparing the gas mixture was relatively larger. Therefore, a pressure ''calibration'' procedure was performed for MeOH. We measured a pure MeOH spectrum at a certain pressure (nominal) immediately after filling the vapor into the cell. In the spectral subtraction a weighting factor was applied to the pure MeOH spectrum, such that the MeOH transitions matched in regions where only MeOH absorbed. The product of the nominal MeOH pressure and the weighting factor is the ''real'' MeOH pressure in the cell. We have recorded the IR spectra of gas phase MeOH, TMA and a mixture of the two to verify previous results and to compare with our MeOH-DMA spectra. In the variable temperature experiments, the IR spectra were measured with the heatable cell in the temperature range between 298 and 358 K. The gas pressures were measured at room temperature and the ideal gas law used to obtain the gas pressure in the cell at the elevated temperatures. Before each measurement, we waited about 30 min for the gas in the cell to reach a stable temperature.
Theoretical section
Gaussian 09 (revision B.01) and Molpro (version 2010.1) were used to perform all the calculations. 66, 67 We have optimized the geometries of DMA, TMA, MeOH, MeOH-DMA and MeOH-TMA with the B3LYP, LC-wPBE, M06-2X, and wB97XD functionals with the aug-cc-pVTZ basis set. As suggested in our recent work, all DFT calculations were performed with Gaussian 09 using the ''opt = verytight'' and ''int = ultrafine'' options. 38 Such calculation should provide reasonably good frequencies and thus good thermochemical corrections to the electronic energies for the hydrogen bonded complexes. 38 We have, furthermore, optimized the geometries of the monomers and complexes with the explicitly correlated CCSD(T)-F12a/VDZ-F12 (F12) method in Molpro 2010.1. The CCSD(T)-F12 methods have been shown to give very accurate intermolecular distances and interaction energies of hydrogen bonded complexes. 56 The optimization threshold criteria of the Molpro calculations were set to: energy = 1 Â 10 À7 a.u., gradient = 1 Â 10 À5 a.u., and step size = 1 Â 10 À5 a.u., and the global thresholds for single-point calculations were set to: energy = 1 Â 10 À8 a.u., orbital = 1 Â 10 À7 a.u., and coefficient = 1 Â 10 À7 a.u. Three stable conformers of the MeOH-DMA complex were identified by theoretical calculations. Frequencies were calculated with DFT methods for each stable conformer to ensure that a true minimum had been found. We have calculated the enthalpies and Gibbs free energies (DH 298K and DG 298K ) of formation for the MeOH-DMA and MeOH-TMA complexes using standard statistical mechanics. 7 Zero point vibrational energy (ZPVE) corrections for binding energies (BE) were obtained from unscaled DFT harmonic frequencies. The BE is defined as the energy of the complex minus that of the two monomers. The enthalpies and Gibbs free energies of formation are obtained with the DFT methods and with a combination of CCSD(T)-F12a/VDZ-F12 electronic energies and DFT harmonic frequencies and rotational constants. Similar to our previous calculations for the DMA-TMA complex, 38 we did not correct the CCSD(T)-F12a/VDZ-F12 binding energies for basis set superposition error (BSSE) using the popular counterpoise (CP) approach. 68 For a given basis set, the magnitude of BSSE obtained with explicitly correlated CCSD(T)-F12 calculations has been shown to be significantly smaller than the magnitude of BSSE obtained with conventional CCSD(T). 56 Furthermore, with the F12 method, the CP corrected BE is in poorer agreement with the CCSD(T) complete basis set limit than non-CP corrected BE.
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The OH-and NH-stretching transition wavenumbers and oscillator strengths for the MeOH-DMA complex and monomers were calculated with an anharmonic oscillator local mode model. 61, 62, 69 Previously, the OH-and NH-stretching modes in a range of molecules have been well described by the local mode model of vibration (see for example, ref. 19, 57, 58 and 63) . The F12 method has been found to give accurate XH-stretching fundamental and overtone transition wavenumbers and intensities. 58 In the local mode model, we assume that the OH-stretching (and NH-stretching) vibrations can be described by a Morse oscillator, with the vibrational energy levels given by
This expression can also be written as
whereñ v0 is the transition energy in cm À1 from v = 0 to v. The
Morse oscillator frequencyõ and anharmonicityõx are found from the 2nd, 3rd, and 4th-order derivatives of the potential energy curve. 63 
Results and discussion
IR spectra
We have measured the spectra of the MeOH-DMA complex in the region from 1000 to 9800 cm À1 . Bands associated with the OH-stretching Dv = 1, 2 and NH-stretching Dv = 2, 3 have been observed. In addition some combination bands were observed. A summary of the assignments of the fundamental and overtones of MeOH-DMA and MeOH-TMA are listed in Table 1 .
The spectrum of the MeOH-DMA complex in the OHstretching fundamental transitionñ OH region was obtained by subtraction of individual spectra of 466 Torr DMA and 25 Torr MeOH, from the spectrum of their mixture and is shown in Fig. 1 . The IR spectra of DMA, MeOH, and a mixture of the two gases recorded using a 10 cm path length cell before subtraction are given in ESI † (Fig. S1 ). Both DMA and its dimer exist at 466 Torr DMA, however, both can be successfully subtracted from the spectrum of the mixture. 37 To check the reproducibility of the experiment, the spectra of the individual components and of the mixture were recorded at different pressure combinations. , respectively. In order to obtain the frequency shift of the OH-stretching transition, we measured the room temperature (298 K) vapor phase fundamental and overtone spectra (Dv OH = 1-4) of MeOH. These spectra are given in ESI † (Fig. S4) . The OH-stretching transitions (Dv OH = 1-4) of MeOH are observed at 3688, 7197, 10 532, and 13 701 cm ). The red shift (Dñ) of the OH-stretching frequency is often used as a criterion of hydrogen bond strength, which would suggest that MeOH-DMA is a slightly weaker complex than MeOH-TMA.
Similar to MeOH-TMA, side bands of the OH-stretching fundamental transition also appear in the spectrum of the MeOH-DMA complex. 19 The low frequency side band looks similar to the one observed in MeOH-TMA, however, the high frequency side band is not as well resolved as that in MeOH-TMA. 19 For the MeOH-TMA complex, Ginn and Wood observed an absorption band in the far infrared spectrum at 142.6 cm
À1
, 24 which is close to the observed frequency from the sumand-difference (combination) band assignment. This band is a low-frequency inter-subunit hydrogen bond vibration band, n s . Because of the similarity of structures and spectra between the MeOH-DMA and MeOH-TMA complexes, we assign the side bands in the MeOH-DMA spectrum to be the combination bands (sum-and-difference bands). We fit this fundamental OH-stretching region to three bands ( However, without clear indication in the spectra such deconvolutions are not accurate. We found that the sum and difference bands are located at B3540 and B3240 cm À1 , respectively.
It suggests that theñ s vibration band of MeOH-DMA is about 150 cm
. The B3LYP/aug-cc-pVTZ calculated harmonic frequency of theñ s vibration is 195 and 173 cm À1 for MeOH-DMA and MeOH-TMA, respectively (Tables S1 and S2 , ESI †), which agrees reasonably well with the experimental values. We measured the gas phase spectra of 202 Torr DMA, 36 Torr MeOH, and a mixture of the two gases in a 4.8 m path length cell. The spectra in the range between 4650 and 5000 cm À1 are shown in Fig. S6 (ESI †). After spectral subtraction, the spectrum of the MeOH-DMA complex shows two bands in this region with band center located at 4797 and 4846 cm À1 , respectively (Fig. S7 , ESI †). For comparison, the spectrum of the MeOH-TMA complex was measured and is also shown in Fig. S7 (ESI †). The band position of the MeOH-TMA complex spectrum was . In MeOH-DMA we find this transition split, probably due to a Fermi resonance, into two bands at 4797 and 4846 cm À1 , respectively. The unperturbed n OH + d COH transition of the MeOH-DMA complex is estimated at B4830 cm À1 similar to that found in MeOH-TMA. 73 The redshift of these combination bands are significantly smaller than the redshift of the pure OH-stretching fundamental indicating a significant blueshift of the COH-bending mode. The blueshift for the in-plane COH-bending mode is a typical feature of forming a hydrogen bond, and a larger blue shift is expected for stronger hydrogen bonds. 74, 75 The MeOH-DMA spectrum in the first OH-stretching overtone (2ñ OH ) region was also measured (Fig. 2) . Due to the strong first NH-stretching overtone transition (2ñ NH ) of DMA, it is difficult to obtain a good spectrum of the MeOH-DMA complex between 6520 and 6700 cm À1 . In the MeOH-DMA spectrum, four bands at 6207, 6341, 6504 and 6561 cm À1 were observed in our experiment. As seen in Fig. 2 We have also observed a spectrum in the second NHstretching overtone region that we assign to the MeOH-DMA complex. The measured spectra of 202 Torr DMA, 36 Torr MeOH, and a mixture of the two gases in the region between 9000 and 9800 cm À1 is shown in Fig. S10 (ESI †). It is apparent from the spectra that any possible absorption due to the complex is very weak. After spectral subtraction, two weak bands located at 9371 and 9618 cm À1 were identified (Fig. 3) .
Comparison of DMA, MeOH and of the MeOH-DMA complex spectra in the 9000-9800 cm À1 region are given in ESI † (Fig. S11) . In order to check the reproducibility of these two bands, three more pressure combinations of DMA and MeOH were used. The integrated absorbance of the band at 9618 cm
was plotted as a function of the product of the DMA and MeOH pressures (Fig. S12 , ESI †). It confirms that this band comes from the 1 : 1 MeOH-DMA complex. The fwhm of the 3ñ NH band in the complex is measured to be 61 cm À1 . Unfortunately, the band at 9371 cm À1 is too weak to measure the integrated absorbance accurately. However, we can clearly see that the band area is smaller at lower pressures, which partially confirms that it comes also from the complex. We have tentatively assigned the 9618 cm À1 band to be 3ñ NH transition and the 9371 cm À1 band as a hot band combination of a low frequency methyl torsion with a wavenumber of B247 cm À1 with the 3ñ NH transition. The B3LYP/aug-cc-pVTZ calculated normal mode harmonic frequency of the methyl torsion in MeOH-DMA is 221 cm À1 (Table S1 , ESI †), which support this assignment. In the spectrum of the DMA monomer (Fig. S10, ESI †) , two bands located at 9656 and 9410 cm À1 are observed in the 9000-9800 cm
region. 57 Similar to the complex, we assign the 9656 cm À1 band to the 3ñ NH transition of DMA and the 9410 cm À1 band to a hot band combination of a low frequency methyl torsion with a wavenumber of B246 cm À1 with the 3ñ NH transition. 57 The B3LYP/aug-cc-pVTZ calculated normal mode harmonic frequency of the methyl torsion in DMA is 226 cm À1 , 57 which support our assignment of the 9410 cm À1 band. It is not possible to record spectra with even higher vapor pressures of the two gases because the 3ñ NH transition of DMA will be too strong and saturate the detector.
Calculated geometry and interaction energy
In an ideal hydrogen bonded complex, the hydrogen bond angle is expected to be 1801. 40 The MeOH-TMA complex has C S symmetry and the hydrogen bond angle (O-HÁ Á ÁN angle) is nearly linear. 29 Due to steric repulsion from the methyl group in methanol, the symmetry axis of the TMA subunit was measured to tilt by 5.51 with respect to the N-H bond. 29 In the MeOH-DMA complex, the methyl group in the methanol subunit can rotate about the O-HÁ Á ÁN hydrogen bond and more conformers are possible. Furthermore, there is also the possibility of the N-H bond in DMA being the hydrogen donor (N-HÁ Á ÁO bond) although the O atom is a weaker acceptor than the N atom. 15 Several initial structures based on above mentioned possibilities were optimized with different levels of theory. Harmonic vibrational frequencies were calculated with the DFT methods to confirm that all structures were true minima. Three stable conformers of the MeOH-DMA complex were located and further optimized with the CCSD(T)-F12a/VDZ-F12 method. For comparison, the MeOH-TMA and MeOH-MeOH complexes were optimized with the same methods. The structures of the stable MeOH-DMA complex conformers (A, B and C), together with that of the MeOH-TMA and MeOH-MeOH complexes are shown in Fig. 4 and the most interesting geometric parameters related to hydrogen bonding are listed in Table 2 . All three MeOH-DMA conformers have C S symmetry and in conformers A and B the methyl group unit can rotate along the O-N axis. This property is very similar to the DMA dimer, in which the DMA unit can rotate relatively freely about the NÁ Á ÁN axis. 37 In the MeOH-TMA complex, the intermolecular hydrogen bond distance R(OH b Á Á ÁN) was determined to be 1.92 Å. 29 The F12 calculated value at the equilibrium geometry (R e ) is 1.88 Å, in good agreement with the experimental value, with the difference likely due to vibrational averaging. In conformers A and B of MeOH-DMA, and MeOH-TMA, the deviation of the hydrogen bond from linearity is 13.71, 6.51 and 0.61, respectively. In comparison the value in DMA-DMA and DMA-TMA is 26.91 and 26.31, respectively, 38 which shows the DMA-DMA and DMA-TMA complexes are significantly weaker, as expected since amines are not strong hydrogen donors. 15 The CCSD(T)-F12a/VDZ-F12 method have been found to give binding energies for small complexes that are in good agreement with CCSD(T) results at the complete basis set limit. 56 In order to find the most stable conformer of the MeOH-DMA complex, we calculated the binding energy (BE), enthalpy of formation (DH 298K ) and Gibbs free energy of formation (DG 298K ) of the three structures with different methods and show the results in Table 3, Tables S3 and S4 (ESI †) . The comparative results for MeOH-TMA and MeOH-MeOH are given in Table 4 and Table S5 (ESI †), respectively. The calculated BE, DH 298K and DG 298K values of conformers A and B of the MeOH-DMA complex are very similar (differ by less than 1 kJ mol À1 ) with all methods used and these two conformers are significantly more strongly bound than conformer C (by about 20 kJ mol À1 ), which is not expected to be present in any significant quantities at ambient temperature. The BE of the MeOH-TMA complex is about 1 kJ mol À1 smaller than that of the MeOH-DMA complex, which suggests that the hydrogen bond in MeOH-TMA is Table S5 (ESI †), the MeOH dimer (MeOH-MeOH) is not as strongly bound compared to the methanol-amine complexes (about 10 kJ mol À1 higher BE) and is not expected to affect our spectra.
Calculated OH-and NH-stretching transitions
The wavenumbers and intensities of OH-and NH-stretching in the MeOH-DMA (A) and MeOH-TMA complexes calculated with an anharmonic oscillator local mode model and CCSD(T)-F12a/VDZ-F12 parameters are presented in Tables 5  and 6 , respectively, and those of the monomers in Table 7 . The calculated results for MeOH-DMA (B and C) and those for MeOH-MeOH are given in Tables S6-S8 (ESI †) . The calculated vibrational transitions for the A and B conformers of MeOH-DMA are very similar both for the fundamental OH-stretching and second NH-stretching overtone transitions. The difference in calculated intensity is minimal and the difference in wavenumber is about 10 cm À1 . The differences between our experimental and calculated wavenumbers of the Dv OH = 1 transition for MeOH-DMA is 105 cm À1 , much larger than expected with explicitly correlated coupled cluster parameters. 63 This simple local mode model has been found to model the hydrogen bonded OH-stretching frequencies worse compared with the 38 This shows that the errors in calculated hydrogen bonded XH-stretching frequencies are larger for stronger complexes. The reason for the discrepancy seems to be the larger anharmonic coupling of vibrations in stronger complexes. 76 Coupling to lower frequency modes has been found to explain much of this difference for the water dimer. There is also a small error from using the Morse potential in the local mode calculations rather than the full numeric potential, however this error is only a few wavenumbers for the fundamental transition. 70 In addition, our experiments were carried out at room temperature, which also affects the discrepancy between the calculated values for isolated molecules at T = 0 K. 31, 32 For comparison, the calculated harmonic OH-and NH-stretching wavenumbers and intensities of MeOH, DMA and MeOH-DMA (A) with various DFT methods are given in Table S9 (ESI †). As expected, the harmonic frequencies (which include the harmonic part of the coupling) are in poor agreement with the experimental measured values, however, the frequency shifts are slightly better than frequency shifts calculated with our anharmonic local mode model, and the intensity of the Dv OH = 1 transition in the complex is very similar with the two approaches, which is important for the determination of the complex abundance (vide infra).
Compared to the observed XH-stretching wavenumbers, the calculated results for DMA and MeOH showed good agreement. The largest differences between experimental determination and calculations of Dv = 1-4 transitions for DMA and MeOH are 29 and 32 cm À1 , respectively. The differences between experimental observation and calculation of Dv NH = 2 and 3 for MeOH-DMA are 52 and 72 cm À1 , respectively. Even though this is still a ''free'' NH bond in the complex, the calculated values are not as good as for the isolated DMA molecule. The NH-stretching fundamental transition in MeOH-DMA is expected around 3380 cm À1 . However, it is overlapped with the OH-stretching fundamental transition and B6000 times weaker and not observed. In contrast, the calculated intensity of the Dv NH = 2 and 3 transitions are 4 and 8 times stronger than the Dv OH = 2 and 3 transitions, respectively, and the corresponding NH-and OH-stretching overtone transitions are more separated and we have observed these. The calculated relative intensity between the NH-and OH-stretching first overtone transitions agrees with experimental results as seen in Fig. 2 and Table 5 . The NH-stretching transition shows, similar to DMA, that the first overtone is stronger than the fundamental transition.
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The OH-stretching fundamental transition intensity of the MeOH-DMA and MeOH-TMA complexes are calculated to be 51 and 61 times stronger than that of methanol. The intensity increase ofñ XH is considered to be a criterion for hydrogen bonding. 40 The first overtone transition is usually weaker than the fundamental transition and since the amount of complex in the mixture is small these overtones are very difficult to observe. In the water dimer, the first overtone of the OH b -stretching transitions was predicted theoretically to be very weak and has only been observed in Ne matrix experiments. 77, 78 In addition, these hydrogen bonded OH b -stretching transitions have been suggested to be wider than non-hydrogen bonded transitions, which further complicates their detection. 72, 79, 80 We present the observed and calculated XH-stretching local mode parameters of DMA, MeOH, MeOH-DMA and MeOH-TMA in Table 8 . The observed values were obtained from a fit of the experimentally determined OH-and NH-stretching wavenumbers (Table 1) to eqn (2) . The observed local mode parameters for MeOH-DMA and MeOH-TMA are only obtained from two points and thus have no uncertainty and should be considered only as a check on the calculated parameters. For the OH-stretching of the MeOH unit, it is clear thatõ decrease andõx increase upon complexation with the amines as expected for hydrogen bonding. 19 
Equilibrium constant
The complexation between MeOH and DMA is an equilibrium process.
MeOH + DMA 2 MeOH-DMA (3)
where K p is the equilibrium constant and p DMA , p MeOH , and p MeOH-DMA are the vapor pressures of DMA, MeOH, and the MeOH-DMA complex, respectively. In our experiments, we measure the vapor pressures of DMA and MeOH. We obtain Table 1 .
c Calculated using the CCSD(T)-F12a/VDZ-F12 method.
the pressure of the MeOH-DMA complex p MeOH-DMA based on the measured intensity and the calculated oscillator strength f calc of a given transition of the complex. The partial pressure of the complex (in Torr) was obtained using the following equation: 57, 81 
where l is the path length (in meters), the integrated absorbance R AðñÞdñ is in cm
À1
, T is the temperature in K, and f calc is the calculated oscillator strength. This method has been used to successfully determine K p for other complexes. 31, 33, 37, 38 The OH-stretching fundamental transitionñ OH for the MeOH-DMA complex is not well separated from its side bands, therefore we cannot precisely measure the integrated absorbance of theñ OH band itself. However, the contribution from the side bands to the integrated absorbance is quite small compared to the OH-stretching transition and most of the intensity of these side bandsñ OH AEñ s , is likely to originate from the pure OHstretching transition. Thus, we use the full band as the experimental intensity of the OH-stretching fundamental transition. The calculated oscillator strength of the OH-stretching fundamental transition in MeOH-DMA is 1.8 Â 10
À4 with the local mode method and F12 parameters. This same oscillator strength is obtained for conformer B, and thus the accurate abundance of each of these will not affect the result. This value is in good agreement with the intensities calculated using the harmonic approach and the various DFT methods (Table S9 , ESI †).
Measurements of absolute intensities of hydrogen bonded complexes are very sparse. In the water dimer, the intensity calculated using a similar local mode approach and using a harmonic oscillator approach is approximately a factor of 2 larger than the intensity obtained using VPT2 calculations. 76 The VPT2 calculation is a full dimensional anharmonic normal mode calculation, which for the water dimer was found to give good agreement with absolute intensities calculated from He droplet experiments. 76, 82 VPT2 calculations for larger complexes are currently not possible. A larger calculated intensity would lead to an underestimation of the K p value. A plot of p MeOH-DMA determined from eqn (5) with the F12 oscillator strength against p MeOH Â p DMA is shown in Fig. 5 . From the slope of the least square fitting, the equilibrium constant K p is determined to be 0.11 atm À1 at the temperature of 300 AE 1 K. If we assume that the intensity of the OH-stretching fundamental transition is overestimated by a factor of two, similar to the water dimer, we get a K p value of 0.22 atm À1 from this experiment. This is much larger than the equilibrium constants of DMA-DMA and DMA-TMA, which were 1.7 Â 10 À3 atm À1 determined with the same approach. 38 These K p values show, not surprisingly, that the MeOH-DMA complex is a much stronger hydrogen bonded complex than amine complexes. In our spectra, we also clearly observe the NH f -stretching second overtone transition (3ñ NH f ) with an intensity that allows us to determine the K p value as well. However, we expect a larger uncertainty on the absorbance measurements as the signal is weaker. In principle oscillator strengths of the higher overtones are more difficult to calculate, however this is compensated by the more accurate calculation of intensities for bonds not involved in hydrogen bonding. The anharmonic oscillator local mode calculated intensity with the F12 parameters, for the NH-stretching second overtone 3ñ NH in DMA were found to be within 20% of the experimental intensity. 57 The oscillator strength used for the 3ñ NH f transition in MeOH-DMA is 1.8 Â 10 À8 (Table 5, F12 method), and the plot of p MeOH-DMA against p MeOH Â p DMA is given in Fig. S13 (ESI †). From the 3ñ NH f band, the equilibrium constant K p is determined to be 0.19 atm À1 at 297 K, in reasonable agreement with the K p value determined from theñ OH band. The largest error in our experiment is the calculated intensities, which we believe is about a factor of two higher for the fundamental transition and has an error of about 20% for the second NH-stretching overtone. The experimental errors are mainly in the pressure measurements and in the determination of the areas. The uncertainty of the pressure gauges is 5% and 15% for pressures larger and smaller than ca. 80 Torr, respectively. Based on these results we estimate the K p value for the MeOH-DMA complex to be 0.2 atm À1 at 298 K, with an error of less than 0.1 atm À1 . Our present value is significantly smaller than the previously determined value of 0.6 atm À1 . 27 We have also estimated K p purely from our ab initio and DFT calculations. 7 The combination of F12 single point energies and B3LYP/aug-cc-pVTZ or wB97XD/aug-cc-pVTZ thermal corrections have previously been shown to predict well the K p of other hydrogen bonded complexes. 38 We obtained a K p value of 0.24 atm À1 for the MeOH-DMA complex at 298 K with a combination of F12 electronic energies and B3LYP/aug-cc-pVTZ harmonic frequencies and rotational constants and 0.057 atm
with the combination of F12 and wB97XD/aug-cc-pVTZ methods. 7 Both these values as well as the values obtained with thermal corrections using the other two DFT methods, LC-wPBE/ aug-cc-pVTZ and M06-2X/aug-cc-pVTZ, are in reasonable agreement with our experimentally determined value (Table 3) . 
Enthalpy of hydrogen bond formation
If we assume that the enthalpy of the complexation reaction of the MeOH-DMA and MeOH-TMA complexes is independent of temperature and we keep the vapor pressures of the corresponding monomers constant, we can rewrite the van't Hoff equation as:
where Abs is the integrated area of the complex band, DH is the enthalpy of hydrogen bond formation for the complex, R is the gas constant, T is the absolute temperature and C is a constant. 37, 39 The assumption that the enthalpy is temperature independent is valid, if the investigated temperature range is sufficiently small. With our 2.4 m path length heatable cell, we recorded the IR spectra of the MeOH-DMA and MeOH-TMA complexes in the temperature range from 298 to 358 K in steps of 10 K to determine the enthalpy of hydrogen bond formation for the two complexes. Before each spectral subtraction, the spectra of DMA, MeOH and the mixture of them were measured separately at the same elevated temperature. The pressure of DMA and MeOH should be kept constant for all the temperature dependent measurements. We have used the ideal gas law to determine the filling pressure in order to obtain the constant pressures of the monomers at elevated temperatures. The amount of complex in the mixture is very small and therefore the contribution from the complex to the total pressure is neglected. In the mixture of 466 Torr DMA and 25 Torr MeOH, the partial pressure of the MeOH-DMA complex is calculated to be 1.7 Torr. The enthalpy determination of the MeOH-TMA complexation reaction was performed with the same method. We used a mixture of 64 Torr DMA and 22 Torr MeOH (pressure at room temperature) for the measurements with the MeOH-DMA complex, and 32 Torr TMA and 22 Torr MeOH for the measurements with the MeOH-TMA complex. A summary of the details of MeOH-DMA and MeOH-TMA experiments are given in Tables S10 and S11 (ESI †), respectively. The temperature dependence of theñ OH band of the MeOH-DMA and MeOH-TMA complexes are shown in Fig. 6 and 7 , respectively. The area of these bands decreases with increasing temperature, which nicely illustrate the decrease of K p with temperature.
The linear least-square fit of the van't Hoff equation to the data for MeOH-DMA and MeOH-TMA is shown in Fig. 8 . Based on the slopes of the plots in Fig. 8 , the enthalpy of hydrogen bond formation for MeOH-DMA and MeOH-TMA in the temperature range of 298 and 358 K is determined to be À35.8 AE 3.9 and À38.2 AE 3.3 kJ mol À1 , respectively. The lower enthalpy of MeOH-TMA compared to MeOH-DMA indicates that the hydrogen bonding in the MeOH-TMA complex is a bit stronger than that in MeOH-DMA, as expected. A summary of the experimentally determined DH values of the MeOH-DMA and MeOH-TMA complexes are listed in Table 9 . There was only one previous report for MeOH-DMA by pressure measurements, but several measurements for MeOH-TMA with different methods.
Our calculated values with the mix of F12 electronic energy and Fig. 6 The temperature dependence of theñ OH band in MeOH-DMA complex. A path length of 2.4 m was used. At a given temperature, the spectrum was obtained by subtracting the spectra of 64 Torr DMA and 22 Torr MeOH from the mixture of the two gases. Fig. 7 The temperature dependence of theñ OH band in MeOH-TMA complex. A path length of 2.4 m was used. At a given temperature, the spectrum was obtained by subtracting the spectra of 32 Torr TMA and 22 Torr MeOH from the mixture of the two gases. Fig. 8 The More detailed studies are required to further understand the temperature dependence of the heat of formation of the two complexes.
Conclusions
We have measured gas phase vibrational spectra of the hydrogen bonded bimolecular complex formed between methanol (MeOH) and dimethylamine (DMA) up to about 9800 cm À1 . We have observed the fundamental and overtone transitions (Dv = 1 and 2) of the hydrogen bonded OH b -stretching vibration and the overtone transitions (Dv = 2 and 3) of the non-hydrogen bonded NH f -stretching vibration. The assignment of the spectra was facilitated by comparison with spectra of the bimolecular complex between MeOH and trimethylamine (TMA) and theoretical calculations. The room temperature equilibrium constant K p of MeOH-DMA complexation has been determined by combining the experimentally measured and theoretically calculated OH b -stretching fundamental and NH f -stretching second overtone oscillator strengths. The OH b -and NH f -stretching transitions in MeOH-DMA were calculated with the anharmonic oscillator local mode model. The equilibrium constant for formation of the MeOH-DMA complex was determined to be 0.2 AE 0.1 atm
À1
, corresponding to a DG value of about 4.0 kJ mol
. Ab initio calculated DG values, obtained from a DFT thermal correction combined with an explicitly correlated coupled cluster electronic energy, provides a good estimate of the measured K p or DG value. 
